Aging individuals with Down syndrome (DS) have an increased risk of developing Alzheimer's disease (AD), a neurodegenerative disorder characterized by impaired memory. Memory problems in both DS and AD individuals usually develop slowly and progressively get worse with age, but the cause of this age-dependent memory impairment is not well understood. This study examines the functional interactions between Down syndrome critical region 1 (DSCR1) and amyloid-precursor protein (APP), proteins upregulated in both DS and AD, in regulating memory. Using Drosophila as a model, we find that overexpression of nebula (fly homolog of DSCR1) initially protects against APP-induced memory defects by correcting calcineurin and cAMP signaling pathways but accelerates the rate of memory loss and exacerbates mitochondrial dysfunction in older animals. We report that transient upregulation of Nebula/DSCR1 or acute pharmacological inhibition of calcineurin in aged flies protected against APP-induced memory loss. Our data suggest that calcineurin dyshomeostasis underlies age-dependent memory impairments and further imply that chronic Nebula/DSCR1 upregulation may contribute to age-dependent memory impairments in AD in DS.
Introduction
Down syndrome (DS), due to full or partial triplication of chromosome 21, greatly increases the risk of Alzheimer's disease (AD). By age 65, ϳ75% of DS individuals will develop dementia as compared to 13% of age-matched controls (Bush and Beail, 2004) . Despite an early presence of the neurochemical changes seen in AD brains (Leverenz and Raskind, 1998; Head et al., 2001; Perluigi et al., 2014) , dementia is delayed in most DS individuals until after mid-life, suggesting both a genetic risk for dementia and the existence of a neuroprotective period before the onset of memory impairments. The mechanism underlying this agedependent memory decline is poorly understood, but the well known connection between DS and AD provides a unique opportunity to identify common genetic factors contributing to AD and age-associated dementia.
To uncover mechanisms underlying age-dependent memory decline in AD and DS, we examined the functional interactions between two genes encoded by chromosome 21 and upregulated in both DS and AD. The amyloid precursor protein (App), en-coded by chromosome 21, is a known risk gene for AD because either mutations or duplication of App is associated with familial AD Goate et al., 1991; Murrell et al., 1991; Rovelet-Lecrux et al., 2006; Sleegers et al., 2006; Kasuga et al., 2009) . Studies have shown that overexpression of the wildtype human APP in both mouse and Drosophila causes cognitive deficits before ␤-amyloid accumulation (Greeve et al., 2004; Simó n et al., 2009; Chakraborty et al., 2011) , suggesting that APP perturbation could contribute to dementia independent of ␤-amyloid plaques. Another gene encoded by chromosome 21 that is likely to play a crucial role in AD is the Down syndrome critical region 1 (Dscr1; also known as Rcan-1) gene. Postmortem brains from both DS and AD patients show an upregulation of DSCR1 mRNA and protein levels (Cook et al., 2005; Sun et al., 2011) . Oxidative stress, APP upregulation, and ␤-amyloid exposure have also been shown to induce DSCR1 upregulation Lloret et al., 2011; Wu et al., 2015) . DSCR1 encodes an evolutionarily conserved inhibitor of calcineurin, a serine/threonine calcium/calmodulin phosphatase important for numerous physiological pathways, including memory, cell death, and immunity (Fuentes et al., 1995 (Fuentes et al., , 2000 Aramburu et al., 2000) . Studies have shown that altering levels of DSCR1 in mouse and Nebula (fly homolog of DSCR1) in Drosophila severely impaired memory (Chang et al., 2003; Hoeffer et al., 2007; Dierssen et al., 2011; Martin et al., 2012) . However, upregulation of Nebula/ DSCR1 has been shown to both promote and inhibit cell survival after oxidative stress Porta et al., 2007; Sun et al., 2011 Sun et al., , 2014 , as well as protect against APP-induced neurodegeneration and axonal transport defects (Shaw and Chang, 2013) . Thus, it remains unknown how Nebula/DSCR1 upregulation will affect APP-induced memory defects.
Drosophila and humans share conserved cell signaling components and pathways essential for learning and memory formation (Dubnau and Tully, 1998; Davis, 2011) , thus providing an effective model system for studying mechanisms contributing to age-dependent memory impairments and neurological disorders. Drosophila has also been used successfully as a model system to investigate mechanisms underlying various neurological disorders (Warrick et al., 1998; Feany and Bender, 2000; Steffan et al., 2001; Jackson et al., 2002; Yang et al., 2003; Iijima et al., 2004; Clark et al., 2006; Carmine-Simmen et al., 2009; Iijima-Ando and Iijima, 2010; Lu and Vogel, 2009; Guo, 2010; Sofola et al., 2010) . Using Drosophila, here we show that overexpression of nebula rescued memory impairments induced by APP upregulation through inhibition of calcineurin. These protective effects did not persist during aging, and Nebula coupregulation instead accelerated age-dependent memory impairments, increased reactive oxygen species (ROS), and enhanced mitochondrial dysfunctions in aged flies. Furthermore, we demonstrate that transient upregulation of Nebula or acute pharmacological inhibition of calcineurin in aged flies was sufficient to restore APP-induced memory loss. These findings suggest that Nebula/DSCR1 upregulation may contribute to progressive dementia by initially rescuing APP-induced memory loss but accelerating the rate of memory impairment in older animals.
Materials and Methods
D. melanogaster stocks and material. Flies were cultured at 25°on standard cornmeal, yeast, sugar, and agar medium under a 12 h light/dark cycle. The following fly lines were obtained from the Bloomington Drosophila Stock Center: UAS-APP695-N-myc (6700), sgg 1 /FM7a, UAS-nla-RNAi (27260), UAS-CaNB-RNAi (27307), and UAS-PKA-C1.FLAG. The Elav-Gal4 stock was generously provided by Dr. Mel Feany (Harvard University, Boston, MA). The UAS-nla t1 was reported on previously as was the C739 -GAL4 driver (Chang et al., 2003) . The mushroom body gene-switch flies were kindly provided by Dr. Gregg Roman (University of Houston, Houston, TX).
Pavlovian olfactory learning and memory assays. Drosophila aged 2-4, 7-10, 30 -33, and 42-45 d were tested in the T-maze for the Pavlovian olfactory conditioning assay (Tully and Quinn, 1985) . Before testing, the apparatus was humidified for 2 h with a vacuum connected to an air bubbler. 3-Octanol (OCT) and 4-methylcyclohexanol (MCH; SigmaAdrich) were diluted in mineral oil to 50%. Tube lengths connecting the odor and the testing apparatus were adjusted to allow flies to distribute equally between OCT and MCH. Groups of ϳ50 -100 flies were trained with one odor (MCH) that was paired with a shock (60 V). Subsequently, flies were given 60 s of exposure to a non-shock paired odor (OCT). Immediately after training, short-term memory (STM) was evaluated by giving the flies 2 min to distribute between the two odors. To test longterm memory (LTM), flies were subjected to the same training protocol but repeated for 10 training sessions with 15 min rest intervals between sessions. Flies were then tested immediately or 24 h after training. All training was performed under red light in the dark room. The performance index was calculated as the number of flies that avoided the unconditioned stimulus subtracted from the number of flies that avoided the conditioned stimulus (odor and electric shock). This value was multiplied by 100 and divided by the total number of flies. For sensorimotor tests, flies were habituated to the apparatus and given 2 min to choose between the arm with the aversive odor or air. This was repeated for electric shock and reported as the percentage of flies that avoided MCH, OCT, and shock.
Protein kinase A activity assay. To evaluate protein kinase A (PKA) activity, fly extracts from Drosophila heads were prepared according to the conditions of the PepTag Assay for nonradioactive detection of cAMP-dependent protein kinase (Promega). Briefly, 10 heads/genotype were homogenized in 30 l of PKA extraction buffer and centrifuged, and 2 l from the supernatant was used for each genotype. The extracts from homogenized Drosophila heads were incubated in a 16 l reaction mixture with a fluorescent-tagged A1 peptide (PKA substrate), reaction buffer, and protease inhibitor for 30 min. The reactivation was inactivated by heating at 95°C for 10 min. The nonphosphorylated A1 peptide is ϩ1 charged. After phosphorylation by active PKA in the samples, it switches to Ϫ1 charge. Using electrophoresis, the phosphorylated and nonphosphorylated forms can be separated on a 0.8% agarose gel. To visualize the fluorescent tag in the gel, a UV lamp was used and images were captured. Integrated density values were taken for phosphorylated and nonphosphorylated bands using NIH Image J. The relative PKA activity in each sample was calculated as the amount of phosphorylated A1 peptide divided by the total A1 peptide and normalized to values obtained for control flies.
Western blots. Drosophila adult heads were collected on dry ice and homogenized in cold RIPA buffer. Equal amounts of protein per genotype (10 -20 g) was run on SDS polyacrylamide gel and transferred to a nitrocellulose membrane. Blocking for nonphosphorylated antibodies was done using 5% milk in PBS-Tween 20 for 1 h at room temperature (RT). Blocking for phosphorylated antibodies was done using 5% BSA in PBS-Tween 20. For detection of phosphorylated CREB, a nuclear extraction was performed using the NE-PER Nuclear and Cytoplasmic Extraction kit (Thermo Fisher Scientific). Membranes were incubated in the following antibodies overnight at 4°C: N-APP (1:2000; Sigma), ␤-tubulin (1:1000; Developmental Studies Hybridoma Bank), phosphorylated CREB (1:1000; Cell Signaling Technology), and TATA-BP (1:1000; Abcam). Secondary antibodies included anti-mouse and antirabbit HRP-coupled. HRP signals were detected using ECL Reagents (GE Healthcare). For reprobing, membranes were stripped using Reblot plus (Millipore). NIH Image J software was used to measure signal intensity. The fold change was then normalized to the loading control and compared with either control or APP flies.
Calcineurin activity. Fly heads were collected over dry ice and homogenized in lysis buffer (10 mM Tris, pH 7.4, 1 mM EDTA, 0.02% sodium azide). Calcineurin phosphatase activity was determined using the Ser-ine/Threonine Phosphatase Assay kit (Promega) following the protocol of the manufacturer and as reported previously (Chang et al., 2003) . Five micrograms of protein per genotype were used.
Immunohistochemistry. Adult Drosophila brains were dissected in PBS and fixed with 4% paraformaldehyde for 20 min at RT. Samples were blocked in 5% normal goat serum in PBS plus 0.1% Triton X-100 for 1 h at RT and then incubated with primary antibodies overnight at 4°C. The Fasciclin II (Developmental Studies Hybridoma Bank) antibody was used at 1:20. Alexa Fluor-conjugated secondary antibody was applied at 1:200, and whole-mount brains were mounted in Pro-Long Gold antifade reagent (Invitrogen). Z-stack images of the dissected brain were acquired using the LSM 5 microscope (Zeiss). Areas of the ␣ and ␤ lobes of the mushroom bodies were measured using NIH Image J software. To minimize variability attributable to mounting and inherent differences between male and female brain size, the relative size of mushroom body was calculated by normalizing the area of the mushroom body containing ␣ and ␤ lobes to the area of the central brain hemisphere taken at low magnification.
ATP abundance. ATP content was assayed using a colorimetric assay kit (BioVision) according to the protocol of the manufacturer. Briefly, Drosophila heads were collected on dry ice and homogenized in ATP assay buffer. Samples were deproteinated by centrifuging the extract for 1 h at 14,000 rpm in 10 kDa Vivaspin columns (Sartorius Stedim Biotech). Sample were incubated with reaction mixture and imaged with the microplate reader with an optical density of 570 nm.
RU486 transient induction. Flies that are either 2-4 or 30 -33 d were fed with or without 500 M RU486 (mifepristone) in 2% sucrose solution for 2 d before training and testing according to method described by Mao et al. (2004) .
Pharmacological acute inhibition of calcineurin. Drosophila adults of 1 or 42 d were transferred to vials of food containing the calcineurin inhibitors cyclosporin A or FK506 (tacrolimus). Drugs were diluted and mixed in the food to a final concentration of 30 M cyclosporine A or FK506 for feeding for 3 d. This concentration was selected because it effectively inhibited calcineurin to control levels with calcineurin activity assay after drug treatment. After feeding, Drosophila adults were tested on the pavlovian olfactory conditioning test, and heads were used for the calcineurin assay.
ROS detection. Flies were briefly etherized, and brains were dissected in Schneider's medium (Invitrogen). Freshly dissected fly brains were incubated with 20 M dihydroethidium (Invitrogen) at RT for 15 min. After several washes in PBS, brains were mounted in Pro-Long Gold Antifade Medium (Invitrogen) between coverslips. To minimize variations in signal intensity, brains of different fly lines were mounted on the same slide, and fluorescence intensities of at least six brains were averaged.
Statistics. For multiple samples, ANOVA followed by Bonferroni's post hoc test was used to determine statistical significance. For paired samples, two-tailed Student's t test was used. Samples were randomized during dissection, image collection, and data analyses to minimize bias.
Results

Nebula/DSCR1 upregulation protects against APP-induced memory impairments
To evaluate the effects of Nebula/DSCR1 upregulation in modulating APP-induced memory impairment, we measured STM in Drosophila using the classic pavlovian olfactory conditioning assay (Tully and Quinn, 1985) . We assayed STM mainly because it is primarily impaired in the early stages of AD (Grady et al., 2001; Klekociuk and Summers, 2014) . To bypass the locomotor defects caused by pan-neuronal APP overexpression (Shaw and Chang, 2013), we selectively upregulated APP and Nebula in the mushroom bodies, structures important for olfactory memory in Drosophila (Davis, 2011) . This was done by generating transgenic flies containing UAS-APP (APP) with or without UAS-nebula (nla t1 ) under the control of C739 -GAL4 driver. Consistent with previous reports, upregulation of either Nebula or APP alone caused severe STM defects (3 min memory) in young flies between 2 and 4 d of age (Chang et al., 2003; Sarantseva et al., 2009 ), but co-upregulation of Nebula and APP surprisingly restored STM to normal (Fig. 1A) . Western blot analyses and sensorimotor assays confirmed that preservation of STM in flies with APP and Nebula co-overexpression is not attributable to differences in APP transgene expression or changes in sensorimotor responses ( Fig. 1B ; Table 1 ). Reducing nebula expression using the UASnla-RNAi (RNAi-nla) transgene also resulted in STM defects alone, as well as when in the presence of APP overexpression. The UAS-nla-RNAi construct had been shown to effectively reduce Nebula protein levels by Ͼ50% when expressed in neurons (Shaw and Chang, 2013) and caused STM defects similar to that reported for nebula mutant (Chang et al., 2003) . Together, these results confirm that Nebula is important for normal STM and interacts genetically with APP to protect against APP-induced STM defects.
We next examined whether Nebula upregulation also effectively prevents LTM defects by assaying the performance index 24 h after 10-trial spaced training protocol . Figure 1C shows that APP upregulation caused severe defects both immediately and 24 h after spaced training, indicating impaired memory acquisition and retention. Despite an initial decrease in performance index immediately after spaced training, flies overexpressing both APP and Nebula still performed well. In fact, when we normalized the performance index at 24 h after training to immediately after training, flies overexpressing APP and Nebula performed as well as control (control, 0.47 Ϯ 0.03 vs APP and Nebula, 0.59 Ϯ 0.06; p ϭ 0. 07). These results indicate that Nebula upregulation also effectively protects against APPinduced LTM defects but further suggests that repeated training may trigger signaling pathways that feedback to affect the initial memory formation in APP and Nebula overexpressing flies.
APP overexpression does not cause structural defects in the mushroom bodies
Overexpression of APP in the mushroom bodies using the C739 -GAL4 driver caused severe memory defects in young flies; thus, we next examined whether abnormal mushroom body development underlies APP-induced memory problems. C739 -GAL4 drives expression in the ␣ and ␤ lobes of Drosophila mushroom bodies; therefore, we analyzed images of dissected brains stained with Fasciclin II, an antibody that can strongly stain the ␣ and ␤ lobes of the mushroom bodies (Akalal et al., 2006) . Fig. 1D shows that the gross mushroom body structure was not altered across genotypes, suggesting that the memory deficit seen in flies with APP overexpression is not likely caused by defects in mushroom body development. This result is consistent with a report by Chakraborty et al. (2011) in which they showed that overexpression of APP using a pan-neuronal driver (Elav-GAL4 ) did not affect mushroom body structure.
APP-mediated impairments in STM are rescued by restoring calcineurin or PKA activity
Previous work has demonstrated that APP overexpression leads to calcineurin hyperactivation and subsequent GSK-3␤ activation, but nebula overexpression inhibits both perturbations through its ability to inhibit calcineurin (Shaw and Chang, 2013 ). Therefore, we tested the hypothesis that aberrant calcineurin or GSK-3␤ signaling contributes to APP-induced memory defects. To reduce calcineurin activation, we expressed UAS-RNAi-calcineurin (RNAi-CaN ) in APP overexpressing flies, which had been shown to effectively restore calcineurin perturbations in APP flies (Shaw and Chang, 2013). Reducing calcineurin signifi-cantly improved STM in flies with APP overexpression (APP; RNAi-CaN; Fig. 2A ; Table 1 ), confirming that abnormal calcineurin activity contributes to STM defects in this fly AD model. Conversely, reducing GSK-3␤ activation using a mutant of fly GSK-3␤ shown previously to rescue APP-induced transport defects was not sufficient to rescue APP-induced STM defects (sgg 1 ;APP; Fig. 2A ; Shaw and Chang, 2013) . This suggests that activation of GSK-3␤ signaling is not a main cause of memory defects in flies with APP overexpression.
Calcineurin has been shown to influence downstream PKA signaling, a kinase known for its importance in learning and memory pathways (Drain et al., 1991; Skoulakis et al., 1993; Gervasi et al., 2010 ). Therefore, we tested the hypothesis that APP overexpression also affects STM through PKA signaling. Figure  2A shows that APP-induced STM defect was improved significantly by wild-type PKA upregulation, supporting the notion that APP overexpression also acts via PKA signaling to influence STM. To confirm that flies with APP overexpression alters PKA signaling, we directly measured PKA enzymatic activity using fly head extracts isolated from transgenic flies expressing the indicated transgene in all neurons. APP overexpression dramatically reduced PKA activity compared with the control, whereas Nebula co-upregulation restored PKA activity close to normal (Fig. 2B) . Consistent with previous reports, we find that manipulation of Nebula alone also led to altered PKA activities ( Fig. 2B ; Chang et Western blot depicting equivalent levels of APP in the genotypes with APP upregulation driven by the C739 -GAL4, a mushroom body-specific driver. APP levels were normalized to control and tubulin. n ϭ 3 independent experiments. C, Quantification of memory performance immediately and 24 h after spaced training (LTM). n ϭ 6 trials per genotype, *p Ͻ 0.05 comparing the indicated genotypes. D, Representative confocal stack images of brains dissected from 2-to 4-d-old flies and stained with Fasciclin II antibody. The area analyzed is highlighted (␣ and ␤ lobes). There is no change in the gross mushroom body (MB) structure or size across genotypes. n Ͼ 6 brains per genotype. Scale bar, 50 m. All values indicate mean Ϯ SEM. Drosophila of all genotypes avoided shock, MCH, and OCT. n ϭ 6 independent trials per genotype and per condition.
al., 2003)
. Note that PKA upregulation did not perfectly rescue APP-induced STM defects, indicating that either an exact level of PKA or the proper spatiotemporal activation of PKA is crucial for normal memory as shown by previous reports (Chang et al., 2003; Yamazaki et al., 2007; Gervasi et al., 2010) . PKA is also a known regulator of LTM through its phosphorylation of CREB, which is thought to activate CRE-dependent gene expression crucial for the establishment of LTM (Drain et al., 1991; Yin et al., 1994) . Indeed, flies with APP overexpression showed a correspondingly low level of CREB phosphorylation, whereas co-upregulation of Nebula and APP restored CREB phosphorylation to normal (Fig. 2C) . These results imply that Nebula likely restored LTM defects by preserving CREB phosphorylation.
Co-upregulation of APP and Nebula impairs memory performance of old flies
The finding that Nebula co-upregulation significantly improved the memory performance of young flies with APP overexpression could potentially have important clinical implications; therefore, we assayed whether such protective effects persist into an old age. Similar to humans and other animal models, Drosophila show memory decline as a function of age as seen in our control flies ( Fig. 3A ; Yamazaki et al., 2007; Tonoki and Davis, 2012) . However, despite restoring STM to normal in young flies Ͻ10 d old, Nebula upregulation did not protect against APP-induced STM defects in older flies. Furthermore, the much steeper decline in memory performance in flies overexpressing APP and Nebula during aging compared with the control flies raised the possibility that either Nebula is no longer effective in protecting against APP-induced memory impairments as a function of age or that chronic upregulation of Nebula contributes to the poor STM performance in old flies ( Fig. 3A ; Table 2 ).
Overexpression of APP and Nebula retains the ability to inhibit calcineurin but exacerbates mitochondrial dysfunctions during aging
To discern these two possibilities, we first confirmed that the C739 -GAL4 driver is as effective in driving expression in old flies as in young flies. This is indeed the case because the level of APP expression is the same in young and old flies (Fig. 3B) . We also examined the mushroom body structure in aged flies that are between 42 and 45 d of age. Akin to the young flies, mushroom body structure did not differ between genotypes (Fig. 3C) , suggesting that this change in the ability of Nebula to restore memory performance is not attributable to an agedependent change in mushroom body structure. Next, we asked whether Nebula loses its ability to inhibit calcineurin in older flies. Calcineurin activity assay revealed that aging led to a significant increase in calcineurin activity even in the control flies by 45 d old (Fig. 3D) . Nevertheless, Nebula overexpression still effectively prevented APP-induced calcineurin hyperactivation compared with age-matched control flies (Fig.  3D) . Thus, a change in the ability of Nebula to inhibit calcineurin is not a primary cause of STM impairments in older flies with APP and nebula overexpression. In addition to acting as an inhibitor of calcineurin, Nebula/ DSCR1 has also been shown to interact with the adenine nucleotide translocator to regulate mitochondrial function (Chang and Min, 2005; Peiris et al., 2014 ). Therefore, we tested the hypothesis that nebula overexpression exacerbates mitochondrial dysfunction during aging. First, we measured the cellular ATP content, which is indicative of the overall mitochondrial function. Neuronal overexpression of APP or nebula alone in young flies led to mitochondrial dysfunction as measured by the decrease in the overall ATP content (Fig.  3E) . Interestingly, despite restoring APP-induced STM defects in young flies, Nebula and APP co-upregulation still showed a similarly reduced ATP content (Fig. 3E) , indicating that mitochondrial dysfunction, at least in young flies, is not sufficient to trigger STM defects. However, in aged flies, Nebula and APP overexpression significantly enhanced mitochondrial dysfunction by causing a Ͼ67% decrease in the overall ATP content in old flies (45 vs 3 d old). Control and flies overexpressing APP only displayed an ϳ20% reduction in the overall ATP content as a result of aging (Fig. 3E) . Nebula overexpression alone also caused severe ATP depletion during aging similar to flies with APP and Nebula overexpression, indicating that Nebula is dominant in this phenotype. These data support the notion that upregulation of Nebula further exacerbates mitochondrial dysfunction during aging. Second, we measured the relative ROS levels in flies using dihydroethidium staining. Chronic co-upregulation of APP and Nebula resulted in a significantly greater increase in ROS levels during aging compared with control or APP flies, confirming that Nla upregulation causes mitochondrial dysfunction and triggers ROS elevation (Fig. 3F ) . Previous studies examining the link between oxidative stress and ROS on STM revealed that STM of older flies is particularly sensitive to perturbation of genes implicated in combating ROS, whereas young flies are not affected by decreases in antioxidant enzymes or ROS elevation (Haddadi et al., 2014) . Thus, the increase in ROS and decline in ATP content seen in old flies overexpressing APP and Nebula likely accelerated age-dependent memory decline.
Transient Nebula upregulation or acute inhibition of calcineurin rescues APP-induced memory impairments in aged flies
The bimodal effect of Nebula upregulation on APP-induced memory loss is age dependent, leading us to investigate whether changes in basic cellular physiology during aging is a main underlying cause or that acute versus chronic upregulation of Nebula exerts different effects on APP-induced memory loss. To differentiate these two possibilities, we transiently upregulated APP with or without Nebula in either young or old flies using an inducible mushroom body driver (MB-GeneSwitch-GAL4 ). MB-GeneSwitch-GAL4 allows temporal control of transgene expression specifically in the mushroom body neurons after RU486 administration (Mao et al., 2004) . We find that transient upregulation of APP in the mushroom bodies of adult flies was sufficient to trigger STM defects ( Fig. 4A; Table  3 ), similar to results obtained using C739 -GAL4 driver. However, acute co-upregulation of APP and Nebula in either young or aged flies effectively rescued the APP-induced STM defect, indicating that aging per se is not the cause of the inability of Nebula to rescue APP phenotypes (Fig. 4 A, B) . Furthermore, selective upregulation of Nebula in old flies no longer impaired STM (unlike the young flies), presumably by counterbalancing increased calcineurin activity in aged flies (Fig. 3D) . No change in sensorimotor response was observed across genotypes. n ϭ 6 independent trials per genotype and per condition.
If short-term instead of chronic upregulation of Nebula is indeed beneficial for protecting against APP-induced memory loss, we reasoned that acute inhibition of calcineurin should be able to ameliorate STM loss even in the presence of chronic APP upregulation. To test this hypothesis, we pharmacologically inhibited calcineurin by feeding aged flies overexpressing APP with either 30 M cyclosporin A or 30 M FK506, inhibitors of calcineurin. Either cyclosporin A or FK506 effectively rescued the STM defects seen in aged APP overexpressing flies to values seen for age-matched, untreated control flies ( Fig. 4C ; Table 4 ). Acute inhibition of calcineurin also significantly improved the STM of 45-d-old control flies, likely because these drugs alleviated the increase in calcineurin activity seen in aged control flies (Fig. 4D ). These data suggest that the inability of Nebula to protect against memory loss in old flies with APP overexpression is not attributable to irreversible damages caused by APP overexpression but rather to chronic Nebula upregulation. Nevertheless, we were not able to restore STM to young control levels despite restoring calcineurin activity in old flies, suggesting that aging also triggers other cellular events that adversely affect memory performance (Eckles-Smith et al., 2000; Yamazaki et al., 2007; Wang et al., 2011; Gupta et al., 2013) . Together, our findings further reveal that calcineurin dyshomeostasis contributes to memory impairment during aging and that acute inhibition of calcineurin can ameliorate memory deterioration during aging in control and a fly model for AD.
Discussion
Nebula/DSCR1 and APP have been shown to be upregulated in both DS and AD (Cook et al., 2005; Sun et al., 2011) , but the effect of this upregulation on memory was not known. Our findings reveal a complex and novel role for Nebula/DSCR1 upregulation in regulating APP-induced memory loss during aging. First, we show that upregulation of Nebula initially protects against APPinduced memory impairments by restoring calcineurinmediated signaling in young flies. Second, we find that persistent upregulation of Nebula contributes to the poor memory performance of APP and Nebula flies during aging. Third, we show that aging is accompanied by elevations in calcineurin activity, and acute inhibition of calcineurin can improve the memory performance of older control and APP overexpressing flies. Together, our results suggest that Nebula/DSCR1 upregulation may delay the onset of memory loss but contribute to progressive dementia in older individuals with DS. Therefore, our study has wide implications for memory loss during natural aging and in AD and DS and shines light on restoring calcineurin or regulating Nebula/DSCR1 levels as potential therapeutic strategies for agedependent memory loss.
Mechanisms for Nebula rescue of APP-induced memory defects
Nebula/DSCR1 is a multifunctional protein that inhibits calcineurin and modulates mitochondria function and oxidative stress response Chang et al., 2003 ; Chang and Min, 2005; Hoeffer et al., 2007; Porta et al., 2007; Dierssen et al., 2011; Sun et al., 2011 Sun et al., , 2014 Martin et al., 2012; Peiris et al., 2014) . Previous reports have indicated that upregulation of either Nebula/DSCR1 or APP alone impaired memory (Chang et al., 2003; Hoeffer et al., 2007; Sarantseva et al., 2009; Simó n et al., 2009; Dierssen et al., 2011; Martin et al., 2012) . Therefore, it is unexpected that co-upregulation of Nebula and APP restored both STM and LTM of young flies. Such results were confirmed using two different mushroom body drivers: C739 -Gal4 and MBGeneSwitch-Gal4 (Figs. 1, 4) . The use of mushroom body drivers is advantageous because it circumvented the problem of locomotor defects associated with pan-neuronal APP overexpression (Shaw and Chang, 2013) , and the Drosophila mushroom bodies has been shown to be structures important for memory retrieval (Dubnau et al., 2001; McGuire et al., 2001; Séjourné et al., 2011) , a process disrupted in AD-related memory loss (Gold and Budson, 2008; Nellessen et al., 2015) . Our biochemical and behavioral data indicate that Nebula rescues memory loss by correcting APP-induced calcineurin hyperactivation, as well as deficits in PKA activity and CREB phosphorylation. These results are consistent with the finding that a fine balance in calcineurin and PKA signaling are crucial for normal memory (Drain et al., 1991; Skoulakis and Davis, 1996; Malleret et al., 2001; Zeng et al., 2001; Chang et al., 2003; Yamazaki et al., 2007) . However, genetics and behavioral data indicate that restoring GSK-3␤ hyperactivation in APP overexpressing flies shown previously to rescue axonal transport defects (Shaw and Chang, 2013) is not sufficient to rescue the memory deficits. Furthermore, because APP and Nebula overexpressing flies restored STM despite the presence of mitochondrial dysfunction, our data highlight that correcting calcineurin disturbances in younger flies is more beneficial for memory than restoring mitochondrial dysfunction.
Contribution of Nebula to memory decline during aging
Age-associated memory impairment occurs in many species ranging from Drosophila to humans (Bishop et al., 2010) ; understanding mechanisms contributing to this process may provide useful insights into changes responsible for dementia in agerelated neurological disorders such as AD. Our data provide two important revelations concerning cellular changes contributing to age-dependent memory decline. First, our finding highlight that elevation in calcineurin activity is a previously unidentified mechanism contributing to memory decline during natural aging in Drosophila. This is supported by biochemical data showing increases in calcineurin activity during aging, as well as behavioral data illustrating that transient pharmacological inhibition of calcineurin can significantly improve the memory performance of old wild-type flies. Second, we find chronic upregulation of Nebula also triggers severe mitochondrial dysfunction that can override the protective effect of calcineurin inhibition by Nebula in flies overexpressing APP, implying that long-term Nebula upregulation may contribute to memory loss in APP overexpressing flies during aging. By measuring ATP content and ROS levels within the fly brain, we show that chronic Nebula overexpression both on its own or in the presence of APP significantly exacerbated mitochondrial dysfunction and elevated ROS. Conversely, short-term upregulation of APP and Nebula in aged flies or transient pharmacological inhibition of calcineurin in older flies with chronic APP overexpression both resulted in normal STM performance compared with age-matched control. These results support the notion that chronic Nebula upregulation during aging enhances age-dependent memory impairments in flies with APP overexpression and further suggest that proper mitochondrial function plays an important role in memory preservation in older flies. This interpretation is supported by a report that STM of older flies is particularly sensitive to mutations that elevate ROS, whereas the STM of younger flies is not affected by ROS elevation (Haddadi et al., 2014) .
Implications for memory decline in DS and AD
We propose that Nebula/DSCR1 upregulation plays a twopronged role in regulating APP-induced phenotypes in DS. Nebula/DSCR1 upregulation initially protects against APP-induced memory loss by correcting calcineurin-mediated signaling, but chronic Nebula/DSCR1 overexpression triggers severe mitochondrial dysfunction and ROS elevation that potentially leads to rapid decline in memory during aging in DS. Interestingly, ␤-amyloid has been shown to trigger upregulation of DSCR1, and DSCR1 upregulation is also associated with tau hyperphosphorylation Ermak and Davies, 2003; Lloret et al., 2011) . It will be particularly interesting in the future to study the effects of Nebula/DSCR1 in modifying ␤-amyloid and tau-associated memory impairments and to test whether preventing mitochondrial dysfunction and ROS elevations in older animals while correcting calcineurin signaling could alleviate memory problems associated with Nebula/DSCR1 and APP overexpression as seen in some cases of DS and AD.
